ABSTRACT: Roots are stressed quire often under natural conditions, e.g. when considering sloping terrain, layers of fluvial deposits, huge layers of melting snow, load of heavy forest machinery during logging and hauling operations, recreational activities of people, high density of deer or cattle, etc. We focused our experiments on Norway spruce (Picea abies [L.] Karst.) seedlings grown in containers with glass walls under the permanent load of 5.1 kPa during the whole growing season. The applied pressure affected roots both directly and indirectly due to the occurrence of hypoxia. Root growth ceased under such conditions. Growth dynamics and capability to occupy available soil also changed. For example, the total root area of experimental plants decreased to 52% but the root area index (RAI) was higher by 33% when compared to the control. It indicates that the pressure applied to the soil surface caused the development of only smaller root systems but more compacted into smaller volumes of soil. Mean longitudinal growth of stressed roots decreased by about 50% when compared to the control. Growth of experimental roots was also delayed, which is a typical general response to stress. However, a tendency to create dense and small root systems is in contradiction with the typical strategy of tree root systems.
JOURNAL OF FOREST SCIENCE, 51, 2005 (6) : [268] [269] [270] [271] [272] [273] [274] [275] The functionality of a growth system is important for the health status of plants. From the aspect of research, however, smaller attention is paid to roots as compared with aboveground parts of plants, particularly due to lack of available data.
Roots can respond to compacted soils by increased requirements for photosynthates (ZAERR, LAVEN-DER 1974) necessary for exacting metabolism inevitable to overcome the increased resistance of soil during the elongation of roots. Subsequently, we can expect decreased development of mycorrhizas and increased turnover of fine roots (KOZLOWSKI 1971) . Physiological cost for the renewal of the function of fine roots can be as many as 70% of available carbon (ÅGREN et al. 1980) .
Terminal and fine roots with predominating absorption functions are naturally subject to fast changes in soil chemistry (pH, O 2 content e.g. during sudden abundant precipitation) and also to immediate changes in their integrity due to an injury (activities of soil organisms, etc., KOLEK, KOZINKA 1988) . The majority of thick roots dies together with the whole tree whereas the ratio of living to dead fine roots often changes continuously with the high rate of dead and regenerating roots (PERSSON 1979) .
Fine roots are those the diameter of which ranges between < 1 and 10 mm (VOGT, PERSSON 1991) . In the majority of cases, a functional substantiation for the selection of classes of particular diameters is missing. Nevertheless, for the majority of trees the distribution and classification of roots to < 1 and > 1 mm is based on morphology. Roots of the diameter of < 1 mm consist of mycorrhizal root tips which differ morphologically and functionally very much from the rest of the root system (VOGT, PERS-SON 1991) . Roots of the diameter of > 1 mm show a tendency to a secondary structure, i.e. rhizodermis and primary bark were already separated and xylem was closed by phloem with the upper layer of endodermis and pericycle.
We can distinguish two groups of fine roots, viz long and short roots. From the aspect of anatomy, they are very different showing various rates of elongation (HATCH 1933) . The function of long fine roots is to occupy a new space thus making the expansion of the root system possible; they represent a high potential for extensive growth (ORLOV 1980) and show relatively considerable longevity. Long roots are characterized by secondary growth; they are diarchal up to polyarchal (in monocotyledonous plants) showing a root cap. Short roots are monoarchal (e.g. in spruce), grow slowly, ramify abundantly and do not increase their diameter. Short roots elongate more slowly than long roots although in some cases they can reach considerable length (LYFORD, WILSON 1966) . The rate of growth of short roots in Scots pine does not exceed 0.1-0.15 mm/day (OR-LOV 1980). Short-term longevity is typical of short roots.
Mechanical pressure is inherent during the growth of roots in soil. To be able to push its way through the soil environment the root has to generate such a force that can overcome the mechanical resistance of soil aggregates either by their translocation or deformation. The resistance of soil to the pressure of roots is called soil resistance being affected by many parameters such as soil texture and soil skeleton while other parameters such as soil specific density and water content are related to climate -particularly precipitation and temperature. The drier and the heavier the soil, the greater its "force" (TAYLOR, RATLIFF 1969) or resistance.
The root growing in soil has to overcome axial and radial pressure and also friction forces (GREACEN 1986) . Although relationships of the components differ in relation to the soil texture, cohesion and adhesion properties of soils and also to a certain extent to the shape and diameter of roots, axial forces are a predominating factor (ABDALLA et al. 1969; RICHARDS, GREACEN 1986; BENGOUGH, MULLINS 1990) .
The exposure of roots to mechanical pressure induces a number of physiological changes which have been well described on a macroscopic level. For example, the elongation of roots decreases within a response time from minutes (SARQUIS et al. 1991; BENGOUGH, MACKENZIE 1994) to hours (EAVIS 1967; CROSER et al. 1999) . Generally, root caps become more rounded being even concave, root diameter increases and root meristem and the elongation zone become shorter (EAVIS 1967; ATWELL 1990; CROSER et al. 2000) . The observation of root thickening behind the root tip makes it possible to reveal a long-term mechanical pressure on root tips (ABDALLA et al. 1969) .
The threshold value of soil resistance which can result in significant physiological changes was investigated in several studies. Measurements carried out using penetrometers indicate that it refers to a value of about 2 MPa. Experiments where the cells of roots growing in soilless cultures were exposed to an increased pressure resulted in a conclusion that an external hydrostatic pressure of 0.01-0.02 MPa caused deformations of cell walls resulting in significant reductions of the growth of roots (RUSSELL, GOSS 1974; GOSS 1977) . In several studies only soil resistance to root penetration was measured directly (EAVIS 1967; STOLZY, BARELY 1968; MISRA et al. 1986; BENGOUGH, MULLINS 1991; CLARK, BARRA-CLOUGH 1999) . It has been found that the values of maximum axial pressure affecting the growth of root tips when the root can develop range from 0.9 to 1.3 MPa and the pressure resulting in a significant reduction of the rate of root elongation ranges from 0.3 to 0.5 MPa. However, these values were found in the course of short-term experiments.
The present paper deals with problems concerning the effect of soil pressure on the growth and development of root systems of two-years-old plants of Norway spruce in the course of the growing season.
MATERIAL AND METHODS
For the determination of soil pressure on the growth of roots during the growing season of 2003, we selected the method of root containers (WAISEL et al. 2002) . We used an iron construction with lateral wooden walls and a front and rear panel of glass 5 mm thick. Roots could be monitored and photographed through the glass and documented in this way. The front part of root containers was oblique in order to achieve the growth of roots along the glass. Glass parts of the containers were protected from solar radiation with a strong black foil overlaid by a rigid aluminium foil to increase albedo. For the purpose of an experiment, we manufactured 4 containers depicted in Fig. 1 . Two containers were control ones, i.e. they were not stressed, and two were stressed by iron cylinders in the course of the whole experiment (wrapped in polythene to prevent the escape of iron compounds) thereby achieving a constant pressure of 5. , the first documentation with a digital camera was carried out and then on the following dates: 22. 5., 26. 5., 4. 6., 11. 6., 18. 6., 27. 6., 7. 7., 18. 7., 31. 7., 15. 8., 28. 8., 1. 9., 23. 9., 9. 10. and 29. 10 . The data recording the growth of roots were evaluated by means of the computer-based image analysis program ImageTool. After the experiment terminated, control and experimental plants were taken out, separated and their root systems were cleaned carefully. After moderate drying, their green weight was measured and photographic documentation was carried out. In hanging root systems, a top view was recorded in order to measure the area of root projection. Further, in fresh root systems, their volume was measured using pycnometry. Finally, the whole root system was cut into pieces and disintegrated in such a way that the particular roots would not overlap and the area would not be biased by shadow. Roots were covered with a glass and photographed to find out the total area of roots (ImageTool program) which served for the determination of RAI (root area index). The measured root systems were put in marked bags which were subsequently dried to a constant weight at a temperature of 105°C and the dry weight of roots and water content were determined (thereinafter expressed in % fresh weight). Information on fresh weight, dry matter (DM), water content, root system volume, RAI, rate and time of their growth served for the determination of relationships between variables and comparison of particular parameters of root systems developing under control (unstressed) and experimental (stressed, compacted) conditions of the soil environment.
RESULTS AND DISCUSSION
Values obtained by measurements of root systems are given in Table 1 .
Mean DM weight of the root system in control plants was 6.18 g and values ranged from 3.81 to 7.15 g. In stressed root systems, mean DM weight was 3.85 g and values ranged from 2.16 to 5.34 g.
Mean fresh weight of roots in the control variant was 33.01 g and values ranged from 21.36 to 37.91 g. In the stressed variant, mean fresh weight was 21.24 g and values ranged between 10.81 and 31.87 g.
Mean specific volume density of root systems (DM in g/root system volume in cm 3 ) in the control was 0.23 g/cm 3 ranging between 0.2 and 0.26 g/cm 3 . In the stressed variant, specific volume density was 0.21 g/cm 3 and values ranged between 0.19 and 0.25 g/cm 3 . The mean content of water in roots ranged from 79.7 to 82.9% in control plants and that in stressed plants from 80 to 83.6% of green weight. The mean content of water in control plants was 81.3% and that in stressed plants 81.6% (Fig. 2) .
The total area of roots ranged between 207.98 and 518.02 cm 2 in control plants and mean area was 377.7 cm 2 . In stressed plants of spruce, the total area (Fig. 3) .
In the course of the year, the growth of roots of control spruce plants increased from the value 0.09 cm/day to the value 0.23 cm/day until 15 August with the exception of deviations on 4 June and 18 July. Starting the day the growth of roots began to slow down to the final value 0.01 cm/day. During the whole growing season, mean growth of unstressed plants was 0.14 cm/day. We recorded the growth of 192 roots and the length of their total increment amounted to 308.9 cm in the period under study.
In stressed plants of spruce, the growth of roots increased until 28 August from the value 0.03 cm/day to the value 0.14 cm/day with the exception of two deviations on 7 July and 31 July and starting the day the growth of roots began to slow down to the value of 0.04 cm/day. From 26 May to 4 June, the increment of roots was not noticed. In the course of the year, mean growth was 0.07 cm/day.
In total, we recorded 72 roots and the length of their total increment amounted to 65.37 cm during the period under study. The highest rate of growth in stressed plants (0.14 cm/day) was recorded on 28 August, i.e. 14 days later than in control plants. Relationships between the growth of roots in control and stressed conditions showed that as for the time dynamics the highest differences occurred in the period from the end of May to the end of July when root systems stagnated under the impact of pressure (Fig. 4) .
The obtained results are corroborated by findings of other authors. They help to elucidate the decline of trees along forest roads or of trees forming the edge of ratio of the growth of roots in C to the growth of roots in EX a stand. In roads treated with deicing salts it is possible to express an assumption that negative consequences of soil compaction can be increased by decreased soil water potential and lack of mycorrhizas.
CONCLUSION
Based on the results it is evident that root systems in the control variant accumulated on average 38% more dry biomass and also their specific volume density was about 7% higher as compared with the stressed variant. It follows that the root system of control plants of spruce was heavier than that in trial plants which also obviously showed changed inner architecture.
The total area of root systems of stressed plants was 38% lower than that of control plants, however, RAI values were 33% higher in stressed plants. It means that under conditions of pressure on the soil surface, plants created not only smaller root systems but also crowded into a smaller soil space.
The average elongation growth of roots in stressed plants reached only 50% of that in control plants. It is also of great importance that stressed plants delayed the growth of roots, which is a typical general response to stress.
It is possible to conclude that root systems of spruce are much more sensitive to pressure than the other plant species. Already a pressure of 5.1 kPa acting for a long time can be the reason for a decreased rate and changed time dynamics of root growth, reduced ability to occupy the soil space and, therefore, to create dense and intensive root systems. This fact is in contradiction with the typical strategy of tree root systems. Another phenomenon is evidently the changed inner architecture of roots which will be further studied. From the methodical aspect, for similar experiments with root growth monitoring it would be suitable to cover transparent walls of root containers with a grid net.
